Background: Venovenous extracorporeal membrane oxygenation (VV-ECMO) is associated with a significant morbidity. There is the need to investigate long-term cognitive outcome among ARDS survivors treated with VV-ECMO. We aimed to compare the prevalence of long-term cognitive dysfunction and neuropsychological impairment using a highly specific test in severe ARDS survivors treated or not treated with VV-ECMO. Regarding the main outcome, cognitive function was below normal ranges in 12 (55%) ECMO patients and 10 (56%) non-ECMO patients (p = 0.95). Eight (36%) ECMO patients had moderate-to-severe depressive symptoms as compared with 7 (39%) non-ECMO patients (p = 0.87). Twelve (55%) ECMO patients and eight (44%) non-ECMO patients had moderate-to-severe anxiety symptoms (p = 0.53). Seven (33%) ECMO patients and eight (44%) non-ECMO patients presented a PTSD (p = 0.48). Health-related quality of life did not differ between the two groups.
Introduction
Venovenous extracorporeal membrane oxygenation (VV-ECMO) is a rescue therapy used in severe ARDS patients to allow lung-protective mechanical ventilation [1] and to provide time for treating the cause of ARDS thus permitting lung healing. It is also a life-saving measure when mechanical ventilation cannot maintain adequate oxygenation or CO 2 elimination. It remains an unusual treatment (7% of severe ARDS [2] ) mainly provided by expert centers [3] .
The use of VV-ECMO in patients with severe ARDS has increased dramatically with more than 19,000 cases per year worldwide [4] . Even though its benefits on mortality remains unclear [5] [6] [7] , hospital survival of patients treated with VV-ECMO in the last 10 years is improving and now averages 59% [4] . Long-term survival as high as 76-87% at 5 years has been reported, especially in patients treated for infection [8, 9] .
However, surviving the ICU frequently has a price [10] , and ARDS survivors suffer long-lasting significant physical, cognitive [11] [12] [13] [14] and psychological sequelae such as PTSD, a depressive mood and anxiety [15] [16] [17] with consequences on social functioning, ability to return to work and health-related quality-of-life impairment [18, 19] .
Because of its invasiveness, the need for curative anticoagulation, the bleeding risk increased by thrombocytopenia with potential harmful cerebral complications [20, 21] ; VV-ECMO might be even more of a risk factor for cognitive dysfunction.
To the best of our knowledge, there is no study comparing the long-term cognitive outcome evaluated by a highly specific test of severe ARDS patients treated with VV-ECMO to a population of severe ARDS patients who did not undergo VV-ECMO. Therefore, we aimed to compare the long-term prevalence and impact of cognitive impairment (and neuropsychological sequelae) in severe ARDS patients treated or not with VV-ECMO. We hypothesized that VV-ECMO does not worsen long-term cognitive outcomes in severe ARDS survivors.
Methods

Study design
This cross-sectional comparative cohort study was conducted in the North University Hospital medical ICU, Marseille, France, which is a regional VV-ECMO referral center for acute respiratory failure.
All surviving adult patients treated in the ICU for severe ARDS between May 2011 and March 2017 were prospectively screened for eligibility. Criteria for defining severe ARDS were those of the Berlin definition [22] plus a PaO 2 -to-FiO 2 ratio (P/F ratio) of less than 100 under mechanical ventilation with a positive end-expiratory pressure (PEEP) of at least 10 cm H 2 O for more than 48 h. Indications for ECMO were a P/F ratio of less than 70 for at least 2 h under a FiO 2 of 1, a P/F ratio of less than 100 mm Hg associated with a plateau pressure value greater than 35 cm H 2 O or respiratory acidosis with pH less than 7.15 despite a respiratory rate greater than 35/ min. Absolute contraindications were any contraindication to heparin treatment, a SOFA score greater than 18 when mechanical ventilation duration was less than 7 days or a SOFA score exceeding 12 when mechanical ventilation was longer than 7 days. Venoarterial ECMO, patients treated with ECMO as bridge to or following lung transplantation, patients with prior psychiatric illnesses or neurocognitive impairments or non-French speakers were not included.
Eligible survivors were contacted by phone, and those who agreed to participate were asked to complete a questionnaire prior to meeting the physician and the psychologist at the hospital or-if impossible-at their home. Patients were evaluated 18-24 months following their ICU discharge after their informed consent was obtained. This study was approved by the Institut Fédé-ratif de Recherche 48 research ethic board of Aix-Marseille university.
Characteristics of patients and ICU course
All clinical and biological information was prospectively collected during the ICU stay. Day 1 was defined as the first day when severe ARDS criteria were satisfied. (Some patients were in another hospital before being transferred to the referral regional ECMO center.) A full-time psychologist was part of the ICU team and proposed to meet all families and all patients (when recovering). All included patients referred to our center were retransferred while being weaned from ECMO. After sedation has been stopped, these patients were retransferred while they were receiving pressure support mode of ventilation. There was no specific recommendation regarding the post-ICU care, neither for the referring centers nor for the referral center.
Assessment/follow-up protocol
Patients were evaluated at the Marseille, North University hospital or-if impossible-in their homes. First, they were interviewed by an ICU physician (MA or AS) about their symptoms and activities since hospital discharge. Cognitive function was then assessed by a trained psychologist (FM) using the Wechsler Adult Intelligence Scale, 4th edition (WAIS-IV) [23, 24] . The WAIS-IV test duration was approximately 2 h. With ten main and five additional subtests, the WAIS-IV measures four cognitive domains: verbal comprehension, perceptual reasoning, working memory and processing speed. The verbal comprehension index (VCI) reflects the verbal performance, education and culture level of the patient, independently of attention and focus skills or processing speed. The perceptual reasoning index (PRI) assesses visuo-spatial abilities and cognitive flexibility. The working memory index (WMI) measures the abilities of attention and concentration and problem-solving skills. The processing speed index (PSI) evaluates the performance in speed and accuracy of execution. These 4 indexes are summarized in the Full-Scale Intelligence Quotient (FSIQ) reflecting global cognitive function. The WAIS-IV includes normative data according to gender and ages from 16 to 90.
Patients had to fulfill other validated self-evaluation questionnaires: the shortened Beck Depression Inventory (BDI-IA) for depression [25, 26] , the Beck Anxiety Inventory (BAI) [27, 28] for anxiety, the Impact of Event Scale (IES) for PTSD [29, 30] (scores ≥ 36 indicating substantial PTSD symptoms [31] ) and the Short-Form General Health Survey (SF-36) for health-related quality of life [32, 33] . The patients could complete the questionnaire by their own at home to shorten the duration of the consultation. However, these questionnaires were carefully reviewed by the psychologist and the physician in the presence of the patients in order to have all the items fulfilled.
Statistical analysis
Descriptive statistics included percentages for categorical variables and medians and interquartile ranges (IQRs) for continuous variables. According to their distribution, comparisons were made using either the Pearson Chi-square test or the Fisher exact test for categorical variables and the Mann-Whitney U test for continuous variables.
According to the intelligence quotient standard scale (mean, 100; SD, 15) [23] , impairment was defined as at least one index of the WAIS-IV below one standard deviation (SD). Sensitivity analyses were performed based on other cognitive dysfunction definitions. We performed univariate analyses to evaluate the potential determinants of cognitive dysfunction as previously defined. Significant variables in the univariate analysis (p < 0.05) or those clinically relevant were introduced into a logistic regression analysis. The final model provided the odd ratios (OR) and 95% confidence intervals (CI). Statistical analysis was performed using the SPSS statistics 20 software.
Results
Patients
A total of 125 severe ARDS patients were discharged alive from the ICU from May 2011 to March 2017. Four ECMO and seven non-ECMO patients died before the 2-year follow-up. We identified 85 eligible ICU survivors ( Fig. 1) , 49 of them received VV-ECMO therapy (ECMO group) and 36 did not undergo VV-ECMO (non-ECMO group). Two patients (one in each group) were excluded because of sequelae from a cerebrovascular accident post-ICU discharge. Finally, 45.7% (40 patients) of the eligible patients were included, 22 in the ECMO group and 18 in the non-ECMO group.
Characteristics on ICU admission are presented in Table 1 . There was no difference between the two groups except for the education level (patients in the ECMO group had a higher educational level). The cohort was healthy before onset of ARDS as evidenced by high functional status and minimal associated comorbidities. As stated in Table 2 , duration of profound hypoxemia with a PaO 2 lower than 50 mmHg was longer in the ECMO group, as was the duration for PEEP levels higher than 10 cm H 2 O, muscle relaxants and narcotics use. In contrast, there was no difference regarding important outcomes such as the duration of mechanical ventilation, the duration of hospitalization (both in the ICU and in the hospital) and the neuromuscular examination at ICU discharge. More information regarding the evolution of the Table S1 .
Cognitive status
The median [interquartile range] follow-up time was 20 [17] [18] [19] [20] [21] [22] months post-ICU discharge for the ECMO group and 22 [18] [19] [20] [21] [22] [23] months for the non-ECMO group (p = 0.35).
Long-term cognitive impairment (defined as at least one WAIS-IV index below one SD) was present in 12 (55%) ECMO and 10 (56%) non-ECMO patients (p = 0.95). As shown in Additional file 2: Table S2 , there was no difference among the two groups, regardless of the threshold and the indexes used to define cognitive impairment.
The various indexes assessed by the WAIS-IV are detailed in Fig. 2 and Additional file 3: Table S3 . Global cognitive functioning (FSIQ) was within one SD or above the mean of a healthy population in 17 (77%) ECMO patients and 13 (72%) non-ECMO patients. Five ECMO patients (23%) and five non-ECMO patients (28%) had a FSIQ which was one SD or more below the mean (p = 0.73). Only one (5%) ECMO patient and one (6%) non-ECMO patient had a FSIQ which two SD or more below the mean (p = 0.88). After adjustment according to the duration of profound hypoxemia, the duration of sedation with benzodiazepines, the cumulative 7-day fluid balance and the duration of hyponatremia (below 135 mmol/L), there was still no significant differences between ECMO and non-ECMO patients regarding cognitive impairment. As the education level was different among the two groups, we also evaluated separately the two WAIS-IV indexes which can be altered by education (i.e., VCI and WMI). This analysis did not show any difference between the ECMO group and the non-ECMO group regarding these two indexes even after adjustment.
Psychological outcomes
Signs of depression were reported in eight (36%) ECMO patients and seven (39%) non-ECMO patients (p = 0.87). Anxiety was identified in 12 (55%) ECMO and eight (44%) non-ECMO patients (p = 0.53) ( Table 3) .
A PTSD was present in seven (33%) ECMO patients and in eight (44%) non-ECMO patients (p = 0.48) ( Table 3) . The most affected quality-of-life domains as assessed by the SF-36 were the physical and emotional role but without between-group differences (Additional file 4: Table S4) . A partial correlation was tested between the mental score composite of the SF-36 and the cognitive indices accounting for the group, showing significant associations between MCS and Verbal Comprehension Index (partial correlation coefficient R = 0.45, p = 0.006), processing speed index (R = 0.36, p = 0.032) and full scale intelligence index (R = 0.40, p = 0.016).
Other outcomes
Additional information including the results of the examination done by the ICU physician is summarized in Additional file 5: Table S5 .
Just before hospital admission related to the ARDS, 59% of the ECMO patients (13 of 22) were working full time as compared with 50% of the non-ECMO patients (9 of 18) (p = 0.41). At the 2-year follow-up, 46% of these patients from the ECMO group (6 of 13) had returned to their original work as compared with 67% from those included in the non-ECMO group (6 of 9) (p = 0.41). Before ARDS, 13 (59%) patients were working full time in the ECMO group versus 9 (50%) in the non-ECMO group. Among those, two (15%) patients have returned to work full time in the ECMO group and two (22%) in the non-ECMO group. Patients who had not returned to work reported being unemployed as a result of their disabilities.
Discussion
This study assessed cognitive and neuropsychological long-term outcomes in severe ARDS survivors comparing patients treated or not treated with VV-ECMO through the use of an in-person interview using a wellestablished and validated highly specific measurement instrument. The results of the present study suggest that VV-ECMO treatment does not worsen long-term cognitive and neuropsychological outcomes in severe ARDS survivors.
External validity
The main concern in comparing neurocognitive outcome studies is the great variability of the measurement instruments used and the lack of validated thresholds to define cognitive impairment. Only two non-comparative ECMO cognitive outcome studies used the WAIS-IV as in the present study. Von Bahr et al. [34] found results similar to our cohort with a median full-scale intelligence index of 97, but the follow-up time was much longer with a mean of 9 years post discharge. Holzgraefe et al. [35] found also similar results at a median of 3.2 years post ICU discharge but with a cohort of only seven patients. However, in these two studies, there was no control group without ECMO. Moreover, previous similar studies have frequently combined venovenous and venoarterial ECMO [21, 34] , whereas the risk of cerebral injury-and hence cognitive outcome-is much greater with venoarterial than venovenous ECMO.
Risnes et al. [21] found an incidence of 33% of cognitive impairment predominant on attention and verbal memory, 5 years after discharge, as well as a correlation between cognitive impairment and neuroradiologic findings. However, they used a composite impairment score in a pediatric and adult population with various indications of ECMO [21] .
In the present study, few patients had a cerebral imaging during or after ICU stay; however, this is acceptable since the incidence of cerebrovascular lesion in VV-ECMO patients has declined from 17 to 26% in some reports [21, 34] to 2% in the recent EOLIA trial [7] . Moreover, as there was no difference among the 2 groups, the need for cerebral imaging in highly questionable.
Luyt et al. [36] did the only comparative study and found similar outcomes in terms of health-related quality of life, incidence of anxiety, depression and PTSD in H1N1-ARDS survivors treated with ECMO or conventional ventilation 1 year after their discharge. However, cognitive function was not assessed in this cohort.
Hodgson et al. [37] reported that long-term ARDS survivors treated with ECMO had low general health, mental health, vitality and social function SF-36 subscores, but unlike our study this study was not comparative.
Even though ECMO patients were more subjected to severe hypoxemia in the present report, it was not associated with more cognitive dysfunction, which is consistent with other similar studies [34, 35] .
In our cohort, very few patients had returned to work 2 years after their discharge which is inconsistent with other studies. In Luyt's cohort, 83% of ECMO patients and 64% of non-ECMO patients had returned to work 1 year post discharge from the ICU [36] whereas 53% of patients had returned to work at 8 months in Hodgson's cohort [37] . This may be explained by the fact that patients were younger in both cohorts [36, 37] as compared with ours.
Cognitive and neuropsychological outcomes of the non-ECMO control group from the present study are consistent with other reports of long-term outcome in ARDS survivors [11, 14, 16, 18, 38] . Health-related quality of life is also comparable to previous studies except for the physical and emotional dimension [12, 14, 39] . It should be noted that we did not compare these results to the SF-36 scores of the healthy French population. However, we believe that these results are consistent with the low proportion of patients who returned to work because physical and emotional aspects reflect the extent to which physical health and emotional problems interfere with work and may limit activity.
Strengths and limitations
One of the main strengths of the present study is the comprehensive in-person evaluation of cognitive function assessed by an expert. We used validated outcome measurement instruments to assess cognitive and psychological function in ARDS patients. Few ECMO long-term outcomes studies have a control group; the comparative design of this study is another strength.
There are several limitations to this study. The first is the small sample size and the absence of randomization due to the study's nature as a single-center study. Moderate associations were possibly missed because of low statistical power due to the sample size, which was arguably too small. A larger sample will allow the confirmation of these findings. As the differences were very small, it is highly probable that a larger sample would confirm the present results. The reason why some patients with very profound hypoxemia were treated with VV-ECMO and others were not is related to the admission procedure of the patients. Indeed, our ICU is the regional (a 31,400-km 2 region with approximately five million inhabitants) VV-ECMO referral center for the treatment of severe respiratory failure. For patients referred to our center, VV-ECMO was implemented in the referring center by our mobile team before transfer. In our own center, as VV-ECMO can be very rapidly applied, we are able to wait until lower PaO 2 levels. This is confirmed by the information provided in Table 1 showing that 8 of 18 patients from the non-ECMO group were initially hospitalized in our own ICU as compared with only 5 of 22 from the ECMO group. Families play an important role in the outcome of ICU patients, and we did not evaluate between groups differences regarding family support. Moreover, even though psychological symptoms like anxiety and PTSD in patients may affect willingness to participate in such follow-up research and lead to an under estimation of the prevalence of such neuropsychological impairments, follow-up rates in this cohort were rather good with more than 45% of the eligible patients included. Second, although patients with prior neurocognitive or psychological impairment were excluded, we did not have patient's baseline cognitive data, which is a common limitation of cognitive function ICU studies. We tried to address this by adjusting on the education level. Although ECMO patients had a higher educational level, no significant difference was found between the two groups after multivariate analysis. Also, because working memory and verbal comprehension indexes can be influenced by the level of education, we performed an adjustment on this parameter and found no significant differences between ECMO and non-ECMO groups.
The WAIS-IV is exploring only some aspects of neurocognition. Neurocognitive function also included psychomotor speed, spatial reasoning, verbal memoring, visual memoring which are partially assessed by the WAIS-IV. However, cognitive exploration takes time and is not easy to insert in a prolonged interview. The evaluation proposed in the present study was faceto-face, lasting approximately 3 h, which is already noteworthy in a post-ICU follow-up study. Finally, it is extremely difficult to distinguish normal variations in test performances from true cognitive impairment. In fact, for the WAIS-IV, 68% of the healthy French population scores vary between ± 1 SD of the mean and 95% between ± 2 SD [24] . We performed the statistical analysis with three different thresholds and found no significant differences between the two groups regardless of the cutoff. We finally chose to use a cutoff of at least one WAIS-IV index below one SD to define cognitive impairment even though by doing so we may have overestimated the incidence of cognitive impairment.
Prevention
This study emphasizes the need to prevent long-term cognitive and neuropsychological sequelae in ARDS patients. ICU-based interventions like ICU diaries written by clinicians and family members to critically ill patients [40] , in-ICU psychological and cognitive interventions [41] , social support [38] , rehabilitation psychologists, post-ICU coping skills training [42] and rehabilitation clinics could be helpful in reducing long-term cognitive and neuropsychological disorders. However, they need a more extensive evaluation.
Follow-up and rehabilitation programs in order to screen, prevent and treat these impairments need to be developed to improve long-term outcomes in severe ARDS survivors.
In conclusion, we reported that VV-ECMO treatment for severe ARDS does not seem to be associated with worse long-term cognitive and neuropsychological outcomes compared to patients not undergoing VV-ECMO. Nevertheless, the incidence of cognitive impairment and neuropsychological sequalae in severe ARDS patients remains high with consequences regarding quality of life and social health. Development of strategies for prevention and treatment is of major concern.
